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Abstract Directional migration of border cells in the Droso-
phila egg chambers is a developmentally regulated event that
requires dynamic cellular functions. In this study, the electron
microscopic observation of migrating border cells revealed loose
actin bundles in forepart lamellipodia and numerous microvilli
extending from nurse cells and providing multiple adhesive
contacts with border cells. To analyze the dynamics of actin in
migrating border cells in vivo, we constructed a green fluorescent
protein-actin fusion protein and induced its expression in
Drosophila using the GAL4/UAS system. The green fluorescent
protein-actin was incorporated into the actin bundles and it
enabled visualization of the rapid cytoskeletal changes in border
cell lamellipodia. During the growth of the lamellipodia, the actin
bundles that increased in number and size radiated from the
bundle-organizing center. Quantification of the fluorescence
intensity showed that an accumulation of bundle-associated and
spotted green fluorescent protein-actin signals took place during
their centripetal movement. Our results favored a treadmilling
model for actin behavior in border cell lamellipodia.
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1. Introduction
Directional migration of cells is observed in developing tis-
sues of multicellular organisms. This migration, which is
thought to be coordinated with the dynamics of the actin-
based cytoskeleton, is developmentally regulated. Studies on
cell migration and actin dynamics have been performed using
a variety of cells including cultured ¢broblasts and keratocytes
of vertebrates [1,2] and neural cells of Aplysia [3]. Little, how-
ever, is known about the dynamic behavior of actin in living
cells that are migrating within developing tissues.
In the egg chamber of the Drosophila ovary, a small cluster
of 6^10 specialized somatic follicle cells, called border cells
(BCs), migrates through nurse cells. At stage 9 of oogenesis,
BCs break from the anterior follicle epithelium, acquire a
mesenchymal-like morphology and migrate posteriorly more
than 100 mm for 5^6 h through the nurse cells (NCs) to the
oocyte [4]. This BC migration is developmentally and genet-
ically regulated [5]. Several genes have been analyzed which
play roles in the regulation of BC di¡erentiation and migra-
tion. These include slow border cells, breathless, discs large and
genes encoding small GTPases of the Rho family [6], protein
kinase A [7], Ras agreen £uorescent proteinnd Rac [8]. Also,
mutations in shotgun and armadillo, which encode DE-cadher-
in and the Drosophila homologue of L-catenin, respectively,
a¡ect cell-cell adhesion and the cytoskeletal organization in
egg chambers [9,10], resulting in a defective BC migration.
In recent years, a green £uorescent protein derived from the
jelly¢sh Aequorea victoria [11,12] has been utilized to visualize
the protein behavior and cytoskeletal dynamics in living cells
and tissues [13]. It has been shown that in Saccharomyces
cerevisiae an actin-green £uorescent protein (GFP) fusion pro-
tein integrates into cortical actin patches that move in an
energy-dependent manner [14]. In undeveloped single cells of
D. discoideum [15] and in cultured B16F1 melanoma cells [16],
a GFP-actin allowed the visualization of a cytoplasmic net-
work and bundles of ¢lamentous actin. Moreover, the GFP-
actin construct was able to copolymerize with endogenous
actin in vitro and was capable of generating a continuous
force in micro¢laments containing up to 20% fusion protein
[15].
In this study, we observed the morphology of the actin-
based cytoskeleton in lamellipodia of migrating BCs in the
Drosophila ovary by transmission electron microscopy and
examined the dynamic changes in patterns of the actin cyto-
skeletal network using a GFP-actin fusion protein. Our results
revealed the growth process of lamellipodia during migration
and allowed us to characterize the behavior of actin in the BC
lamellipodia.
2. Materials and methods
2.1. Drosophila stocks
GAL4-c306 was used as a driver speci¢c to BCs [8,17]. arm-GAL4
(J.P. Vincent, Medical Research Council, UK) was used for the ubiq-
uitous expression in embryos. Oregon R was used as a wild-type
control.
2.2. Genetic technique
For the preparation of the GFP-actin fusion construct, the
pRmHa-3 plasmid [18] was digested with EcoRI and KpnI, and
PCR-ampli¢ed cDNA of GFP (Quantum Biotehnologies) lacking a
stop codon was introduced into pRmHa-3 resulting in pRmHa-3-
GFP. A 1.2 kb KpnI^BamHI fragment encoding the Drosophila actin
5C cDNA [19] with an additional 15 nucleotides in the upstream
region was ampli¢ed by PCR from a Drosophila 5P stretch larval
cDNA library (Clontech) using the forward primer (GGTACCG-
CATCAGCAATGTGTGACGAAGAAGTTGCT) and reverse prim-
er (GGATCCTTAGAAGCACTTGCGGTGCAC). The ampli¢ed
product was cloned downstream of the GFP sequence in pRmHa-3-
GFP resulting in cDNA encoding a fusion protein, GFP-Gly-Thr-
Ala-Ser-Ala-actin. Then, the 1.9 kb EcoRI^BamHI fragment of the
GFP-actin cDNA was transferred to the pUAST vector [20] to form
pUAST-GFP-actin. This plasmid was microinjected into w1118; D2-3
TM3 Sb/Dr [21] to produce transgenic £ies. One established line,
UAS-GFP-actin #2-2, was used in this study. This line had one
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copy of the transgene on the second chromosome. The expression of
the GFP-actin targeted to BCs was achieved with the GAL4/UAS
gene expression system [20].
2.3. Western blotting
Western blotting was performed as previously described [22]. Anti-
GFP polyclonal antibodies (Clontech) and anti-actin C11 polyclonal
antibodies (Sigma) were used. HRP-conjugated donkey anti-rabbit
antibodies (Amersham) were used as secondary antibodies.
2.4. Electron microscopy
The ¢xation and sectioning of egg chambers were performed as
previously described [23]. Ultrathin sections were analyzed using a
JEM1010 transmission electron microscope.
2.5. Fluorescence microscopy and image processing
Actin staining of egg chambers by rhodamine-phalloidin (Molecular
Probes) was performed as described [9]. Stained samples were ana-
lyzed using a Bio-Rad laser scanning confocal unit (MRC1024) at-
tached to a Zeiss Axiophot microscope. Video images of freshly iso-
lated egg chambers cultured in R-14 medium [24] were acquired by
Delta Vision (Applied Precision) using a cooled CCD camera (Photo-
metrics) attached to an inverted £uorescence microscope (Olympus,
IX70). All data were collected at 25 þ 1‡C within 30 min after dissec-
tion of £ies. Cytochalasin D and 2,3-butanedione monoxime (BDM)
were purchased from Sigma. Digitized images of optical sections were
applied to deconvolution processing [25] using DeltaVision API soft-
ware. Further, images were quantitatively analyzed using Quantum
Image and assembled in Adobe Photoshop.
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Fig. 1. Transmission electron microscopy of migrating BCs in the Drosophila egg chamber. A: The whole cluster of BCs. The thick arrow indi-
cates the direction of BC migration through surrounding NCs. B: One of the multi vesicular bodies which were highly enriched in migrating
BCs. C, D: Forepart lamellipodium of migrating BCs extended forward between the NCs. Thin arrows indicate loose actin bundles. Arrow-
heads indicate tight contacts between forepart BC and the NCs. E^H: Multiple microvilli in the front part (E), at the lateral side (F, G) and
behind (H) a migrating BC cluster. Microvilli contained actin ¢laments (F, arrows) and exhibited spotted contacts with BCs as well as with
each other (F, arrowheads). Bars, 2 Wm (A), 400 nm (C, E, G, H), 100 nm (B, D, F).
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3. Results and discussion
We examined the morphology of BCs migrating through
NCs by transmission electron microscopy. BCs were less elec-
tron dense than surrounding NCs and represented a tightly
packed cell cluster (Fig. 1A). Multi vesicular bodies, observed
previously [10], were markedly enriched in migrating BCs as
compared to other follicular cells in the egg chamber (Fig.
1B). Some BCs located at the forepart of the cluster, extended
lamellipodia. In the lamellipodia, bundles consisting of loosely
associated ¢ne actin ¢laments were observed (Fig. 1C,D).
Most actin bundles were 70^90 nm in diameter and ran
straight in centripetal directions in lamellipodia. In some
BCs, mats consisting of actin ¢laments were found and these
ranged up to 200 nm in size (data not shown). Lamellipodia,
which seemed to be extending forward between NCs, exhib-
ited continuous tight adhesive contacts with the NCs (Fig.
1C,D). Electron microscopy also revealed numerous microvilli
extending from NCs (Fig. 1E^H). These microvilli were 60^90
nm in width and 400^800 nm in length. Up to ¢ve layers of
microvilli were observed between cell bodies of BCs and NCs.
On lateral parts of the BC cluster, microvilli of NCs were
preferentially oriented parallel to the direction of migration
although both microvilli in forward and in backward direc-
tions were found (Fig. 1G). Microvilli contained one or a few
¢ne ¢laments, presumably consisting of polymerized actin,
and exhibited multiple spotted contacts with BCs as well as
with each other (Fig. 1F). Microvilli found just in front of the
forepart lamellipodia of the BC cluster were oriented in var-
ious directions (Fig. 1E). Microvilli were also distributed in
patchwork patterns along the future route of BCs toward the
oocyte (data not shown).
To examine the dynamic aspects of the lamellipodia of mi-
grating BCs, we constructed a GFP-actin fusion protein.
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Fig. 2. Expression of the GFP-actin fusion protein in Drosophila. A: Western blot of GFP-actin in wild-type embryos (lanes 1, 3) and transgen-
ic embryos expressing GFP-actin (lanes 2, 4) detected by anti-actin (lanes 1, 2) and anti-GFP (lanes 3, 4) Abs, respectively. B^D: Confocal im-
ages of BCs expressing the GFP-actin fusion protein. Staining with rhodamine-phalloidin (B), GFP-actin signal (C) and both images superim-
posed (D) are shown. Cytoplasmic GFP-actin signal is indicated by a thin arrow (C). Small arrowheads indicate spots of ¢lamentous actin on
and outside of actin bundles in BC lamellipodium (B, C). NC cortexes exhibited high levels of rhodamine-phalloidin staining at the contacts be-
tween NCs and BCs (large arrowheads, D). The direction of BC migration is indicated by a short thick arrow (D). Bar, 10 Wm.
Fig. 3. Lamellipodium growth visualized by the GFP-actin fusion protein. Successive images were taken at the indicated times. The short thick
arrow in the ¢rst image indicates the direction of migration. Thin arrows indicate the BOC. Nucleus of the forepart BC indicated by a star in
the ¢rst image. The length and width of BC lamellipodium were measured as indicated at 180 s (see legend for Fig. 4A). Bar, 10 Wm.
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Western blotting analysis of the lysate from embryos express-
ing GFP-actin revealed the expression of a 70 kDa protein
detected both with anti-actin and with anti-GFP antibodies as
well as endogenous 42 kDa actin molecules detected only with
anti-actin antibodies (Fig. 2A). The size of the GFP-actin was
consistent with the expected molecular mass (69.5 kDa). The
amount of GFP-actin fusion protein expressed in the embryos
was about 15^20% of that of the total endogenous actin.
Embryos expressing GFP-actin as well as wild-type embryos
showed the 42 kDa endogenous actin band at the same level
of expression, indicating that expression of the fusion protein
did not in£uence the expression of endogenous actin.
We induced the expression of GFP-actin using the GAL4-
c306 strain and detected £uorescence of GFP-actin in BCs
and anterior polar follicle cells but not in most other follicle
cells and NCs. In the BCs, GFP-actin was seen in cortical and
cytoplasmic regions (Fig. 2B^D). The population of GFP-ac-
tin, which was rather uniformly distributed in the cytoplasm,
was likely to be monomeric (Fig. 2C). In addition to the
cytoplasmic signals, bright GFP-actin £uorescence was ob-
served at the cellular cortexes and in lamellipodia. In super-
imposed images, areas of high GFP-actin accumulation were
coincident with intense phalloidin labelling (Fig. 2D). In la-
mellipodia at the forepart of the BC cluster, some signals for
GFP-actin, which were coincident with phalloidin staining,
were seen as lines presumably corresponding to actin bundles
observed by electron microscopy. These results suggested that
GFP-actin was polymerized into ¢laments and incorporated
into actin bundles in BC forepart lamellipodia.
Furthermore, targeted expression of GFP-actin to BCs al-
lowed us to distinguish the actin distribution in BCs from that
in surrounding NCs (Fig. 2D). The edges of NCs contacting
BCs exhibited high levels of accumulation of ¢lamentous ac-
tin. As in these areas many microvilli were observed by elec-
tron microscopy as shown above (Fig. 1G), the microvilli
seemed to contain large amounts of ¢lamentous actin consis-
tent with the electron microscopic observation of ¢ne ¢lamen-
tous structures (Fig. 1F).
Next, we performed time lapse recording of GFP-actin £u-
orescence in BCs in living isolated egg chambers that were
cultured for short time periods. The patterns of GFP-actin
£uorescence changed dynamically in forepart lamellipodia of
BCs during migration. Forepart lamellipodia exhibited vari-
ous kinds of behavior including growth, retraction and spatial
stationing. We analyzed the growth process of forepart lamel-
lipodia (Fig. 3).
At the beginning of growth, the lamellipodium contained a
single relatively thick actin bundle (0 s). This bundle started
transverse splitting from the periphery of the lamellipodium,
giving rise to multiple side bundles (30^60 s). These bundles
converged on a point that we termed the bundle-organizing
center (BOC). The BOC was displaced from the distal part of
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Fig. 4. Spatial and temporal behavior of the GFP-actin in growing lamellipodia of BCs. Squares, circles and triangles represent characteristics
measured on optical sections of the forepart lamellipodia in three di¡erent BCs. The same symbol represents the same lamellipodium in all pan-
els. A: The extent of temporal changes in pro¢le of lamellipodia is presented as the time course for the ratio between lamellipodia length and
width. The length was taken perpendicular to the direction of the lamellipodium neck, extended from the point where the lamellipodium joins
the cell body to the edge of the lamellipodium undergoing the largest excursion (as shown in Fig. 3 at 180 s). The width of the lamellipodium
was measured perpendicular to the length in the widest part of the lamellipodium. B: Spatial changes in lamellipodia during their growth are
displayed as the time course of changes in the size of the same optical section for each lamellipodium. C: Increase of the GFP-actin £uorescent
intensity of lamellipodia normalized per total intensity of the respective cell. D: Elongation of actin bundles is presented as the time course of
changes in the length of a particular bundle in three di¡erent lamellipodia. The length was measured as the distance between the distal and
proximal ends of a bundle.
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the lamellipodium toward the nucleus coinciding with devel-
opment of actin bundles. As the BOC moved centerpetally,
actin bundles increased in number and size and the lamellipo-
dium widened its peripheral area (60^120 s). Concomitantly,
the lamellipodium and cell body became spatially separated
by a neck part, giving rise to a hand-like pattern of the actin
bundle network. Passing through the neck, the BOC reached
the proximal vicinity of the nucleus (150^180 s). Eventually,
the BC lamellipodium entered a stationary state (210 s).
Although the BOC became separated from the nucleus, it still
remained in the cell body.
In the growth phase, the size of lamellipodia increased with
repetitive £uctuations and ¢nally reached a stationary plateau
(Fig. 4B). The time course of the ratio between lamellipodium
length and width indicated that changes of lamellipodia in
shape during the growth phase were remarkably large (Fig.
4A). The length/width ratio decreased in parallel with enlarge-
ment of peripheral areas of lamellipodia. Its values changed
from 1.0^1.5 to 0.65^0.85. Changes in the total £uorescent
intensity of GFP-actin in lamellipodia paralleled changes in
the lamellipodium size (Fig. 4C). Actin bundles exhibited a
gradual growth up to 5^12 Wm (Fig. 4D) resulting in an in-
crease in the distance between the lamellipodium distal edge
and the BOC.
To determine the origin of the lamellipodium dynamics, the
actin polymerization-blocking drug cytochalasin D (40 ng/ml)
or low a⁄nity myosin agonist BDM (200 ng/ml) was added to
the culture medium during video recording. Shape changes
and growth of lamellipodia were inhibited within 20^30 s by
cytochalasin D but not by BDM (data not shown) indicating
that the lamellipodium motility was mainly due to actin po-
lymerization.
In the stationary phase of lamellipodium behavior, actin
was organized in bundles and in spot-like particles as visual-
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Fig. 5. Fast dynamics of GFP-actin in stationary lamellipodium of BCs. The sequence of still images was taken at the indicated times. Long
and short thin arrows indicate the spots of ¢lamentous actin on and outside of the bundle, respectively. Note the side ways displacement of
the upper actin bundle (thick arrowheads at 0 and 18.8 s). The thin line in the last image indicates the direction for the measurement of inten-
sity pro¢les (see Fig. 6A). Bar, 5 Wm.
Table 1
Quantitative parameters of GFP-actin dynamics and the lamellipodia motility in BCsa
Measured Parameter Value (SD; n)b
Average values for stationary lamellipodia
Rate of increase of £uorescence intensity along bundles 0.041%/sec (0.022; 6)c
Rate of increase of £uorescence intensity outside bundles 0.019%/sec (0.010; 6)c
Rate of GFP-actin transfer throughout whole lamellipodium 0.64%/sec (0.19; 6)c
Velocity of centripetal movement of GFP-actin 0.24 Wm/sec (0.072; 12)
Maximal values for growing lamellipodia
Rate of increase of lamellipodia size 3.9 Wmb/sec (1.2; 6)
Rate of increase of total £uorescence intensity in lamellipodia 0.26%/sec (0.069; 6)d
Rate of lamellipodia lengthening 0.048 Wm/sec (0.021; 6)
Rate of lamellipodia widening 0.077 Wm/sec (0.029; 6)
Elongation rate of actin bundles 0.046 Wm/sec (0.021; 12)
Velocity of side ways displacement of actin bundles 0.091 Wm/sec (0.043; 6)
aAll calculations were performed for two dimensional projections of lamellipodia on optical sections.
bSD, standard deviation of value; n, number of objects analyzed.
The values were normalized per £uorescence intensity of respective whole lamellipodium(c) or forepart BC(d).
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ized by GFP-actin (Fig. 5). Spotted patterns of GFP-actin
signals, regardless of whether they were or were not associated
with bundles, moved toward the BOC. These spots may cor-
respond to local clusters of ¢lamentous actin as revealed by
rhodamine-phalloidin staining (Fig. 2A). The average velocity
of centripetal movement of GFP-actin signals in BC lamelli-
podia was 0.24 Wm/s (Table 1). This value was much higher
than the velocity of BC migration (approximately 0.01 Wm/s).
This was analogous to the cell motility and actin dynamics in
¢lopodia of cultured ¢broblasts [1] and in growth cones of
Aplysia [2] after microinjection of £uorochrome caged actin.
In contrast, cultured keratocytes exhibited high migration ve-
locities, which were comparable to the velocity of ¢lament
movement relative to the cell edge [3].
To further understand the mechanism controlling actin be-
havior in stationary lamellipodia, we measured the spatial and
temporal gradients of GFP-actin £uorescence intensity. The
intensity in centripetal pro¢les (Fig. 6A), on average, in-
creased linearly with approach to the BOC. This indicated
that depolymerization of ¢lamentous actin did not occur at
considerable levels in lamellipodia. Moreover, these spatial
gradients were much higher along than outside bundles. The
visible GFP-actin spots on or outside bundles were followed,
and growth rates were measured and compared with that of
areas of the same size without visible GFP-actin particles (Fig.
6B). At the same lamellipodium, the highest rate was detected
for spots along bundles, a medium rate for spots outside bun-
dles, and the lowest rate for background areas. Considering
that the last case represented spatial distribution of mono-
meric GFP-actin, we suggested that polymerization was oc-
curring throughout the entire area of the lamellipodium as
well as at the distal ends of bundles. These ¢ndings together
with the microscopic observations favor a treadmilling model
rather than a nucleation model for the actin turnover [26]. In
accordance with this, it seems that actin depolymerization was
driven in BOC in the stationary lamellipodium (Fig. 3, 210 s).
In the growing lamellipodium, actin depolymerization prob-
ably ¢rst occurred at the proximal end of the main bundle
(Fig. 3, 30^60 s) and later along split proximal bundles (Fig.
3, 90^120 s) where GFP-actin £uorescence was gradually de-
creasing toward the nucleus. Such a type of dynamic organ-
ization for actin ¢laments has not been reported previously,
although resembling cases were observed in ¢broblasts [27]
and growth cones [28] where treadmilling polymerization oc-
curred at leading edges and depolymerization was distributed
over the entire ¢lopodium.
The treadmilling versus nucleation model for actin dynam-
ics in the lamellipodium of BCs is also supported by kinetic
arguments. The time necessary for actin turnover in lamelli-
podium that predicted by the nucleation model is considerably
shorter than that predicted by the treadmilling model as a
consequence of the polymerization and depolymerization of
short ¢laments rather than single actin molecules [26]. This
time has been estimated for lamellipodium of cells typically
exhibiting nucleation of ¢laments, macrophages [29] and
keratocytes [3], as 30 s and 23 s, respectively. However, the
turnover time for actin in the lamellipodium of BCs, calcu-
lated from the average rate of GFP-actin transfer through the
whole lamellipodium (Table 1), was 156 s, which is signi¢-
cantly larger than that in the examples of the nucleation
model.
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